Hypoxemia can be life-threatening both, acutely and chronically. Because hypoxemia causes vascular dysregulation that further restricts oxygen availability to tissue, it can be pharmacologically addressed. We hypothesized that theophylline can be safely combined with the β2 adrenergic vasodilator bambuterol to improve oxygen availability in hypoxemic patients. Ergogenicity and hemodynamic effects of bambuterol and theophylline were measured in rats under hypobaric and normobaric hypoxia (12% O 2 ). Feasibility in humans was assessed using randomized, double-blind testing of the influence of combined slow-release theophylline (300 mg) and bambuterol (20mg) on adverse events (AEs), plasma K + , pulse, blood pressure, and drug interaction. Both drugs and their combination significantly improved hypoxic endurance in rats. In humans, common AEs were low K + (<3.5mmol/L, bambuterol: 12, theophylline: 4, combination: 13 episodes) and tremors (10, 0, 14 episodes). No exacerbation or SAE occurred when drugs were combined. A drop in plasma K + coincided with peak bambuterol plasma concentrations. Bambuterol increased heart rate by approx. 13 bpm. Drug interaction was present but small. We report promise, feasibility and relative safety of combined theophylline and bambuterol as a treatment of hypoxemia in humans. Cardiac safety and blood K + will be important safety endpoints when testing these drugs in hypoxemic subjects.
Hypoxemia can be life-threatening both, acutely and chronically. Because hypoxemia causes vascular dysregulation that further restricts oxygen availability to tissue, it can be pharmacologically addressed. We hypothesized that theophylline can be safely combined with the β2 adrenergic vasodilator bambuterol to improve oxygen availability in hypoxemic patients. Ergogenicity and hemodynamic effects of bambuterol and theophylline were measured in rats under hypobaric and normobaric hypoxia (12% O 2 ). Feasibility in humans was assessed using randomized, double-blind testing of the influence of combined slow-release theophylline (300 mg) and bambuterol (20mg) on adverse events (AEs), plasma K + , pulse, blood pressure, and drug interaction. Both drugs and their combination significantly improved hypoxic endurance in rats. In humans, common AEs were low K + (<3.5mmol/L, bambuterol: 12, theophylline: 4, combination: 13 episodes) and tremors (10, 0, 14 episodes). No exacerbation or SAE occurred when drugs were combined. A drop in plasma K + coincided with peak bambuterol plasma concentrations. Bambuterol increased heart rate by approx.
D r a f t
Introduction Lack of oxygen in the blood, hypoxemia, can be caused by various conditions, such as environmental shortage of oxygen ("thin air" at high altitude), obstruction of air flow (chronic obstructive pulmonary disease, pneumonia, pulmonary fibrosis), inefficient oxygen loading of the blood (anatomic shunting, anemia) and central nervous dysregulation (anesthesia, central sleep apnea). While severe hypoxemia (<75% SaO 2 ) requires immediate intervention, moderate hypoxemia (75-89%) leads, in the short term, to decreased physical endurance. However, long-term consequences of chronic hypoxemia can be much more serious, involving digital clubbing, progressive pulmonary remodeling and pulmonary arterial hypertension (PAH), and right ventricular failure (Kim et al. 2015; Nakamura et al. 2002; H. Zhang et al. 2015) . Hypoxemia is usually treated with supplemental oxygen (Fromm et al. 1994) , however, when oxygen supplementation is insufficient or difficult to achieve, such as during severe PAH or at high altitude, a pharmacological relief of hypoxemia would be a useful alternative.
Hypoxemia can be pharmacologically targeted by inhibiting its downstream dysregulation that further reduces oxygen availability to tissue: for example, hypoxemia triggers the release of the vasoconstrictive protein hormone endothelin-1, which contributes to reduced uptake of oxygen by causing ventilation-perfusion mismatching in the lung (Kylhammar and Rådegran 2017) . Endothelin-1 can also lead to vasoconstriction of terminal elements of the arterial tree, thus negatively affecting capillary blood flow in the terminal circulation and further reducing transport and availability of oxygen to tissue (Barrett-O'Keefe et al. 2013; Borysova et al. 2013; Hall et al. 2014; Murray et al. 2016; Neuhaus et al. 2016) . Consequently, anti-vasoconstrictive therapy with endothelin-1 blockade demonstrates efficacy to relieve oxygen shortage to tissue by inhibiting these known dysregulations (Kawano et al. 2007; Naeije et al. 2010; Pitsiou et al. 2009 ). Since additional factors, such as prostaglandins and adenosine, are involved in hypoxemic dysregulation of tissue hemodynamics, combination treatment might be more effective than monotherapy in improving the supply of oxygen to tissue during hypoxemia (Dayan et al. 2016; Dubrey et al. 2016; Gouyon et al. 1988) . We
recently demonstrated that the combination of the xanthine drug theophylline and an endothelinblocking vasodilator improves exercise performance capacity of hypoxemic rats (Radiloff et al. 2012) .
This treatment, which we have recently tested for safety in humans (ClinicalTrials.gov, NCT01530464
and NCT01794078), has the advantage that it does not rely on increasing SaO 2 , but rather accelerates the rate of oxygen transport to the skeletal muscle. However, not all hypoxemic patients respond equally well to endothelin receptor antagonism (Jain et al. 2017 ) and thus, alternative treatment options would be useful. Because β-adrenergic receptors are also strongly involved in pulmonary and peripheral blood flow regulation (Blauw et al. 1995; Leblais et al. 2008; Nagai et al. 2014) , we hypothesize that the combination of theophylline with a β-adrenergic receptor agonist has also beneficial effects. We further hypothesize that this combination is, in principle, feasible in humans.
To test this hypothesis, we have chosen the long-acting β-agonist bambuterol as a combination partner for theophylline, which is orally available and has a plasma half-life comparable to theophylline.
Methods
Measurement of exercise capacity of theophylline-and bambuterol-treated rats under hypobaric hypoxia Theophylline was dosed at 15 mg/kg and bambuterol at either 0.05 mg/kg (high dose) or 0.01 mg/kg (low dose). Only the low dose was tested in combination with theophylline. Female Sprague Dawley rats were consistently used for all exercise experiments as reported (Radiloff et al. 2012 ). Procedures to measure exercise performance capacity at simulated high altitude in rats have also been published (Radiloff et al. 2012) . In brief, rats were habituated to running in motorized wheels ( Figure 1A ,
Lafayette Instruments, Lafayette, IN) at a slow pace for approximately 10 days, to teach them to run in a motorized wheel while avoiding physical training effects. On days of drug efficacy testing, the animals were injected i.p. with the study drug or control treatment and then transferred to individual running wheels inside a hypobaric chamber accompanied by an investigator ( Figure 1A) . The air was then evacuated from the chamber until an atmospheric equivalent of 4,267 m (approx. 0.6 atm) was reached. Wheel motion was started 30 minutes post injection of the study drugs, at 3 meters per minute, was then increased to 9 m/min, and finally to 12 m/min ( Figure 1B ). Signs of exhaustion caused the removal of individual animals from the wheel, followed by a short test to confirm fatigue (Radiloff et al. 2012) . After the run, all animals were returned to sea level and euthanized using CO 2 , as determined by the protocol.
Hemodynamic studies in awake, theophylline-and bambuterol-treated rats in normoxia and hypoxia
In order to address safety concerns ahead of combining theophylline and bambuterol in hypoxemic humans, we have employed a rat model to monitor mean arterial pressures, heart rates, and plasma concentrations of K + . These animal procedures were pre-approved by the UC Denver Institutional Animal Care and Use Committee (IACUC) and were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (1996, published by National Academy Press, 2101 Constitution Ave. NW, Washington, DC 20055, USA). An awake hypoxic rat model was used to study changes in hemodynamics and blood chemistry, as described previously (Irwin et al. 2008) . Briefly, male Sprague
Dawley rats of 280-350 g were anesthetized and equipped with chronic indwelling catheters into the carotid and pulmonary artery, and vena cava for hemodynamic and cardiac output measurements.
Treatments were administered through the jugular catheter. Rats were randomized into four treatment groups (vehicle, theophylline, bambuterol and the combination of theophylline and bambuterol) and placed into a gas-controlled Plexiglas chamber with a portal for catheter access.
Breathing gas was normal (21% O 2 ) and hypoxic air (12% O 2 , Figure 1C ). Blood pressures and heart D r a f t 6 rates were measured through pressure transducers, and blood chemistries were measured from samples collected from arterial and venous catheters, as described previously (Irwin et al. 2008 ).
Criteria for human study participation
Candidates were recruited in Oslo, Norway, and the human study was conducted at the Oslo University Hospital, Rikshospitalet. Healthy, non-smoking adults between 18 and 40 years old (both genders) were eligible for study participation if they were willing to fast 8 hours prior to screening, abstain from alcohol or xanthine-containing food or beverages for at least 48 hours before admission to meeting all of the inclusion and none of the exclusion criteria, which are listed in Supplementary 
Clinical study design
This was an open-label, two-sequence, three-period, randomized crossover study. Study subjects (n=20 at study start, 3 withdrew during the study) were randomized into one of two sequences to receive either a single dose of theophylline slow release (Theo-Dur, 300 mg) or bambuterol (Bambec, 20 mg, period 1). After a washout time of 96 hours, dosing schedules were crossed over to receive the second study drug (period 2). After a second washout period of 96 hours, all subjects received both drugs concomitantly (period 3). Subjects were discharged following another washout of 96 hours ( Figure 1D ). The study was conducted in compliance with the Declaration of Helsinki and with international guidelines of Good Clinical Practice (GCP). All procedures were approved by the appropriate regulatory bodies, which include Norwegian Medicines Agency and local Ethics
Committee. All study subjects gave informed written consent before commencement of study procedures.
Pharmacokinetic evaluations
Whole blood samples for analysis of drug metabolites and plasma K + concentrations were collected at the following time points: 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12 , 24 hr using a small indwelling venous catheter. Sodium heparin (20-30 U/ml) was used to maintain catheter patency prior to and/or during D r a f t the collection periods. A 5-7 ml venous blood sample was collected at the specified times in prechilled polypropylene Vacutainer tubes containing sodium heparin for the preparation of plasma. The tube containing blood was gently inverted at about 6-8 times to ensure thorough mixing of anticoagulant with blood and placed into an ice-water bath until centrifuged. The samples were centrifuged at 1500 g for at least 10 minutes at 4°C. Immediately after centrifugation, the plasma was separated into aliquots of at least 2-3 mL. All aliquoted samples for pharmacokinetics analysis were stored at -80°C until shipment.
Theophylline was analyzed at the Department of Biochemistry, Oslo University Hospital, following the procedure outlined for the Cobas 8000 C502 analyzer (Roche/Hitachi). The analysis was based on the kinetic interaction of micro particles in solution (KIMS). Theophylline antibody is bound covalently to micro particles and drug derivatives are linked to a macromolecule. The kinetic interaction of micro particle in resolutions induced by the drug derivatives bind to the antibody on the micro particles and is inhibited by the presence of theophylline. There is a competitive reaction between the substance conjugate and theophylline to bind to theophylline antibody on micro particles. The subsequent kinetic interaction of micro particles is indirectly proportional to the amount of substance in the sample. The method was linear from 0.8-40.0 µg/mL (4.4-222 µmol/L) for theophylline and the lower limit of quantification was 0.8 µg/mL. Samples having higher drug concentrations were diluted with Preciset TDM I diluent (0 µg/mL) (1 + 1) and re-assayed. The lower detection limit representing the lowest measurable analyte level that could be distinguished from zero was calculated as the value lying two standard deviations above that of the 0 µg/mL calibrator (standard 1 + 2 SD, repeatability, n = 21).
After shipment of blood samples on dry ice, bambuterol and its active metabolite terbutaline were 
Statistics
Rats study: assessment of ergogenicity under hypobaric hypoxia Individual endurance data for each animal was plotted using the Kaplan-Meyer method. Treatment effects were determined by comparison with the vehicle control using Log Rank Test and GraphPad
Prism as statistics software. P values of less than 0.05 were considered statistically significant.
Rat study: hemodynamic analysis in awake rat under normoxia and hypoxia Differences in longitudinal parameters, i.e. between baseline, post drug injection, post hypoxia, and return to normoxia, were assessed using two-tailed, paired T-test. Analysis of variance (Kwon et al. 2015) was not used for this part of the analysis, to permit matched comparison if a parameter was missing. Cross-sectional differences between treatment groups were analyzed using ANOVA.
Statistical software was GraphPad Prism (GraphPad Software, San Diego, CA, USA).
Human study: pharmacokinetic analysis
The pharmacokinetics of both study drugs alone and in combination was estimated using a noncompartment model. Pharmacokinetics and bioequivalence analyses were carried out using the WinNonlin software (Phoenix, version 6.4., Pharsight/Certara, Princeton, NJ, USA).
The presence of pharmacokinetic drug-drug interactions was assessed using bioequivalence metrics as recommended by the 2012 FDA-CDER guidelines "Guidance for Industry. Drug Interaction Studies -Study Design, Data Analysis, Implications for Dosing, and Labeling Recommendations", whereas no pharmacokinetic drug-drug interaction is assumed if the 90% confidence intervals of the geometric mean test/reference ratios of C max and AUC 0-T fall entirely within the 80-125% equivalence limits. The bioequivalence analysis was based on ln-transformed drug concentrations and included mixed effect model, sequence, period, and treatment as fixed effects and subject with sequence as a random effect.
Human study: power consideration for bioequivalence testing
The standard bioequivalence acceptance limits of 80-125% were used to demonstrate that exposure to the test drug (co-administration of bambuterol and theophylline) was bioequivalent to the reference drug (bambuterol or theophylline alone). The within-subject coefficient of variation (CV) was expected to be approximately 20% and the mean ratio was expected to be unity (µ GT /µ RT = 1.0).
Although this study was a three-period design, sample size was estimated based on an AB/BA two period crossover design. For a type I error rate of 5%, 16 subjects resulted in >80% statistical power (Julious 2004 Significance in changes in hemodynamic parameters over time within a treatment group was assessed using paired ANOVA. Significant difference between treatment groups were analyzed using ANOVA on data that was normalized to the respective value at the time of dosing.
Results
Assessment of ergogenic effects of theophylline and bambuterol on hypoxic exercise performance of rats
Rats that were treated with bambuterol (0.05 mg/kg, i.p.) ran significantly longer under simulated high altitude at 4267 m than the control-treated group ( Figure 2A ). Treatment with theophylline (15 mg/kg, i.p.) also significantly increased exercise performance in hypoxic hypobaric rats ( Figure 2B ).
When given at a lower dose (0.01 mg/kg), bambuterol in combination with theophylline (15 mg/kg) increased the time run to fatigue, whereas the single treatments did not ( Figure 2C ). Animal numbers were 43-45 per treatment group in Figure 2A -B, and 10 per group in Figure 2C .
Pre-clinical safety assessment of combined theophylline and bambuterol in awake normoxic and hypoxic rats Treatment with theophylline and bambuterol significantly decreased Mean Arterial Pressure (MAP) compared with control and combination: MAP dropped in all groups from an average of 132 ± 13 mmHg at baseline (1) to 129 ± 13 mmHg post injection (2), then to 114 ± 14 mmHg during hypoxia (3), and 126 ± 12 mmHg after return to normoxia (4) ( Figure 2D ). While hypoxia itself did not have an effect on heart rates, treatment with theophylline, both alone and in combination with bambuterol, increased heart rates under hypoxia ( Figure 2E 
Clinical study population
Of 37 candidates that responded to invitation, 26 were screened and 20 were included into the study. Of these, 19 (17 male, 2 female) subjects presented for study procedures (Table 1) . Subjects were between 19 and 31 years of age, 169 to 195 cm tall, weighed 69.3 to 98.2 kg, were nonsmokers and had an alcohol consumption of 0-23 units per week, with one unit equaling 250 mL of beer, 100 mL or a medium glass of wine, or 25 mL of spirits.
Safety outcomes and adverse events
Adverse events are listed in Table 2 . The most common adverse event was low plasma K + and tremors both associated with bambuterol treatment. Although two subjects terminated early following the occurrence of adverse events, no hospitalization was necessary and no SAEs were recorded during the study. An inverted T-wave was observed for one subject, respectively, with both theophylline and bambuterol, but not with the combination. No other abnormal ECG-values were observed as part of any of the scans, pre-and post-dose.
Clinical hemodynamics and blood chemistry outcomes
Hemodynamic measurements and measurements of plasma K + concentrations in human subjects are shown in Figure 3 , alongside with the respective average plasma drug concentration ( Figure 3A, B) . A significant drop in plasma K + concentration was found after treatment with bambuterol, alone and in combination with theophylline, whereas no significant drop in plasma K + was found after treatment with theophylline alone. The drop in plasma K + concentrations after bambuterol treatment roughly coincided with the peak terbutaline concentration in plasma after 4 hours ( Figure 3C ). The addition of theophylline to bambuterol did not aggravate plasma K + concentrations: side-by side comparison revealed no significantly reduced plasma K + concentration in combination-treated vs. bambuteroltreated subjects in any time point, although both were significantly lower than in theophylline-D r a f t treated subjects at time points 6-10 ( Figure 3D ). Systolic blood pressures did not change in response to any treatment, and did also not differ between any of the treatments, when compared side-by side ( Figure 3E, F) . Diastolic blood pressures experienced a significant drop 8 hours after treatment with bambuterol alone, but neither did so with theophylline, nor with combined treatment. No differences were found in diastolic blood pressures between treatments in any of the time points ( Figure 3G, H) . Heart rates increased significantly approx. 3 hours after treatment with bambuterol, alone and in combination with theophylline, and remained elevated even after 24 hours, compared to baseline ( Figure 3I , K). Heart rates did not increase after theophylline alone, and while both bambuterol and combination caused significantly higher heart rates compared to theophylline alone (time points 2, 4-12), they did not increase significantly with the combination, compared to bambuterol alone ( Figure 3I ).
Pharmacokinetic evaluation and bioequivalence testing outcomes
In human study samples, bambuterol concentrations in plasma were only sporadically found above the lower limit of quantification of 0.05 ng/mL and therefore, no pharmacokinetic analysis of bambuterol was possible. Drug plasma concentrations of the bambuterol catabolite terbutaline and theophylline, alone and in combination, are shown in Figure 4 . Results of pharmacokinetic evaluations are in Table 3 . When bambuterol was given alone, the geometric mean of the terbutaline C max and AUC 0-T was 7.9 ng/ml and 107.8 h*ng/ml, respectively. When bambuterol was given together with theophylline, the geometric mean of terbutaline C max and AUC 0-T was 6.7 ng/ml and 85.0 h*ng/ml. The 90% CI limits for the C max test/reference ratios were 61.1 % and 100.9 %, and for the AUC 0-T test/reference ratios 70.9% and 103.6%. A two-sided T-test failed to confirm inclusion of the 90% CI within the 80-125% limit for both C max and AUC 0-T (Table 3 ). The power of the test was 42.6% and 62.1%, respectively.
When theophylline was given alone, the geometric mean of C max and AUC 0-T was 25.8 ng/ml and 407.8 h*ng/ml, respectively. When theophylline was given together with bambuterol, the geometric mean of C max and AUC 0-T was 24.3 ng/ml and 360.9 h*ng/ml, respectively. The 90% CI limits for the D r a f t 13 individual test/reference ratios C max were 87.2% and 101%, and for AUC 0-T 77.1% and 95.9%. For AUC 0-T , the two-sided T-test failed to confirm inclusion of the 90% CI limits within the 80-125% acceptance interval, whereas in case of C max , the 90% CI limits were confined within the 80-125%
interval. The power of the test was 95.6% and 99.8%, respectively.
Discussion
The main findings are that theophylline, bambuterol, and their combination, all improve exercise performance in rats under hypobaric hypoxia and that the combination of Theo-Dur (300mg) and bambuterol (20mg) is relatively safe in normoxic, healthy human volunteers, with no serious AEs recorded. The AEs that were noted consisted mainly of low plasma K + and tremor following bambuterol treatment. Bambuterol caused an increase in heart rate that was present when given alone or in combination with Theo-Dur and persisted 24h after dosing. Drug interaction was present, but low.
Theophylline is a pleiotropic drug which, besides its long-term use to treat severe asthma, has potential value to improve health and endurance in hypoxemic individuals: although not known for any performance-enhancing effects at sea-level, theophylline, if combined with a carbonic anhydrase inhibitor, improves exercise performance capacity in hypoxemic human subjects (Scalzo et al. 2015) .
If combined with an endothelin-blocking vasodilator, theophylline increases hypoxic exercise performance in rats, while the single compounds are ineffective, or far less efficient (Radiloff et al. 2012 ). However, theophylline reportedly challenges plasma K + stores (Crane et al. 1987 ), although we did not observe this effect in human subjects. Since hypoxemia itself aggravates K + plasma stores (Malhotra et al. 1975 ), which we have confirmed in rats, this parameter will require careful monitoring when theophylline is tested in hypoxemic humans.
The mechanism of action of theophylline potentially relies on its two major effects on the cardiovascular system: nonspecific phosphodiesterase inhibition produces bronchial and vascular smooth muscle dilatation, and adenosine A1 and A2 receptor antagonism is responsible for its D r a f t 14 vasoconstrictive effect (Barnes 2013; Casey et al. 2009 ). The latter mechanism is of particular importance: adenosine is a hypoxia-triggered vasodilatory tissue factor that serves to direct local blood flow to the site of demand (Marshall 2000) . Under acute hypoxemia, excessive dilatation of peripheral resistance vessels, partially caused by adenosine, causes initial systemic hypotension which is then quickly compensated for by increased cardiac output (Naeije 2010) . This cardiac effect of theophylline, which is likely present in humans too, is known to be specific to hypoxia and is rooted in the inhibition of sympathetic outflow by adenosine. Adenosine receptor inhibition thus increases sympathetic nerve activity and adrenaline levels in the blood under hypoxia (Marshall 2000) . Theophylline might therefore partially relieve the heart from its compensatory duty, by reducing or preventing hypoxemia-induced, adenosine-triggered vasodilatation (Radiloff et al. 2012) .
Bambuterol, an orally available, long-acting β2-adrenergic receptor agonist (Dorfmuller et al. 2003) , was chosen as a pairing vasodilator, to improve oxygen availability by increasing capillary conductivity in skeletal muscle and other tissues. Bambuterol is a carbamate prodrug of the β2AR agonist terbutaline, and the kinetics of its conversion permits for single daily oral dosing (D'Alonzo et al. 1995; Sitar et al. 1993 ).
Typical adverse effects of bambuterol include tachycardia, palpitations, hypokalemia, and associated tremor (Cazzola et al. 2013) . Pharmacokinetic parameters of terbutaline are the expected range, compared to previous work: In previous studies, the mean plasma half-life for bambuterol was 12 and 14 h, individually ranging over 20 hours (Bang et al. 1998; Nyberg et al. 1998) , which agrees well with our finding of 15.3h. Bambuterol clearly challenged plasma K + stores, with average values undercutting 3.5 mM and the lowest value being 2.9 mM. While no effect was found on systolic blood pressure, the slight decrease in diastolic blood pressure observed with bambuterol alone is best explained by decreased vascular resistance following vasodilatation. The increase in heart rates with bambuterol present is a known side effect of β2AR agonists and can be partially assigned to the decreased K + plasma concentration.
D r a f t 15
As beta-adrenergic stimulation is almost exclusively linked to vasodilatation, such effect in the lung and the periphery is most likely part of the efficacy of bambuterol that we have seen in rats and that we would also expect in humans (Maggiorini 2010) . Although bambuterol increases heart rates in human subjects by approximately 10 beats per minute 3 hours after ingestion, an effect that was reported before in humans (D'Alonzo et al. 1995) , it is interesting that we did not observe this in rats in our study at given dose. With systolic pressure remaining relatively stable in humans, such rise in cardiac activity could translate into increased perfusion pressure to tissue, potentially resulting in increased rates of oxygen and nutrient transport to skeletal muscle, with appropriate peripheral vasodilatation in place. Net vasodilatation also probably underlies the hypotensive effect of bambuterol observed in rats under hypoxia, while cardiac stimulation was absent ( Figure 2D , CE).
Because β2-adrenergic vasodilatation plays a dominant role in maintaining normal tissue blood flow (Blauw et al. 1995; Marshall 2000; Weisbrod et al. 2001) , the stimulation of β2 adrenoceptors could indeed improve oxygen transport to tissues by acting locally: terbutaline, the active metabolite of bambuterol, has reported abilities to restore the contractile force of isolated hypoxic skeletal muscle in vitro, highlighting its potential efficacy in hypoxic peripheral tissues in vivo (McDonald et al. 2015) .
Whether such increased transport to peripheral tissue after bambuterol treatment is actually happening in hypoxic/ hypoxemic humans will be the subject of future studies.
Combination of theophylline and bambuterol:
Initial data on the combination of theophylline and bambuterol were acquired in awake rats, to better understand the cardiovascular effect of this drug combination and to identify any potential unexpected acute toxicity. The run-to-fatigue trials demonstrated that the combination of theophylline increased hypoxic exercise endurance in the animals over the single compounds, suggesting the absence of immediate negative health effects and indicating potential efficacy of the combination. The drug combination also had no detrimental effects on the mean arterial blood pressure and heart rates of the animals. It is interesting that hypoxia decreased mean arterial pressure in all treatment groups, which has only been reported in anesthetized, but not in awake rats (Duong 2007; Gao et al. 2001 ). This might be partially connected D r a f t to the absence of a hypoxia-induced augmentation of heart rates (except in theophylline-treated rats), which would be part of the normal response to hypoxemic peripheral vasodilation (Bartsch et al. 2007 ). Also, the combination did not challenge plasma K + pools beyond the single compounds. The observed overall decrease in plasma K + is a known consequence of hypoxia (Vats et al. 2001 ). The absence of drug (in particular bambuterol) effects on plasma K + in rats could have various reasons, among them the possibility that the drug dose in rats was smaller than the corresponding dose given to humans. Blood oxygenation (SaO 2 ) was not increased in any treatment group either, indicating that augmentation of blood oxygen levels was not the mechanism by which hypoxic exercise endurance was improved in these animals. In summary, the data acquired in rats provided strong motivation to move forward with testing the combination of theophylline and bambuterol in humans.
None of the human subjects dosed with the combination of theophylline and bambuterol experienced adverse events that led to injury and/or required subsequent hospitalization, i.e. Serious
Adverse Events (SAE). The largest change in any of the AE parameters occurred when the incidents of tremor increased from 10 to 14 from single-dose bambuterol to the combined dose. None of the vital parameters, including heart rates, were exacerbated when the drugs were given together, compared to the single drug situation.
Because theophylline as a single drug did not aggravate plasma K + and because of the similarity of the plasma K + curves of bambuterol during single and combined dosing, we assume that bambuterol was the dominant factor influencing plasma K + during combined treatment in humans. In other studies, patients with theophylline intoxication that led to hypokalemia (plasma K + less than 3.5 mmol/L) had average theophylline concentrations of 0.331 mmol/L, which more than doubles the highest average measured in our study (24.7ng/ml at time points 10 during theophylline single dose, eq. 0.137 mmol/L (Shannon et al. 1989 ). Thus, although we dosed theophylline at the higher end of the therapeutic range, blood levels of the drug were insufficient to aggravate K + stores significantly.
In a previous safety study that combined inhaled salbutamol and intravenous aminophylline (a D r a f t soluble formulation of theophylline), both drugs caused significant hypokalemic effects, along with alterations in ECG profiles, such as increased QT-interval, depressed T-wave amplitude, and decreased PR interval (Crane et al. 1987 ).
The known stimulatory effects of theophylline on the heart are thought to be mainly caused by its inhibitory effects on phosphodiesterases (PDE) 3 and 4 (Eschenhagen 2013) . PDE inhibition will initiate at concentrations beyond 2 µg/ml and reach a half maximum at approximately 18 µg/ml (Rabe et al. 1995) . Since the average C max of theophylline was 24.3 and 25.8 µg/ml in this study, PDE inhibition was, although likely present, still insufficient to translate into increased heart rates around the plasma peak time.
Our finding that the drug combination, dosed at therapeutically relevant levels, does not negatively affect plasma K + and heart rates and does not cause arrhythmia, is important enabling information for future studies in hypoxemic subjects, although these parameters will require close monitoring.
Drug interaction:
Theophylline is vulnerable to drug interaction, since it is cleared to 90% via metabolism (Upton 1991) . It is not known whether terbutaline directly affects the hepatic microsomal p450 enzyme CYP1A2, which is mainly responsible for theophylline hydroxylation (Nahata 1996; Upton 1991; Z. Y. Zhang et al. 1995) . Terbutaline however, the active compound of bambuterol, is mainly metabolized via sulphation, which takes place both in the liver and the intestinal wall (Pacifici et al. 1993) .
We found that the clearance of theophylline is slightly decelerated in the presence of bambuterol.
Our results also indicate that co-administration of theophylline and bambuterol result in lower systemic exposure and C max of both terbutaline and theophylline. While no evidence of interaction has been found in a previous study involving terbutaline (Jonkman et al. 1988) , such discrepancy can be explained by the fact that our study has, in comparison, produced higher plasma concentrations of terbutaline, thus its potential impact on theophylline metabolism was also higher.
Pharmacokinetic parameters such as plasma half-lives of theophylline that were measured in our D r a f t study are similar to those found previously, with Theo-Dur showing a slightly longer half-life than what was reported before (Hayashi et al. 2007; Hendeles et al. 1985; Nyberg et al. 1998 ).
Application of the drug combination to improve human performance during hypoxemia: In the light of our findings, we expect that the combination of theophylline and bambuterol will improve oxygen availability and exercise capacity in hypoxemic humans, through improvement of blood flow in the lung and in other tissues. However, combining these drugs in hypoxemic subjects has distinct potential risks: hypoxia itself decreases plasma K + in rats and humans, and increases heart rate and cardiac output (Bartsch et al. 2007; Malhotra et al. 1975 ), all of which may interfere with the effects of the drugs. In addition, hypoxemia may decrease the expression of liver enzymes, thus decreasing theophylline clearance (Li et al. 2014) . In particular the potential of hypoxemia to interfere with cardiac activity and plasma K + in humans are grounds for careful dosing considerations, and for close monitoring of cardiac activity and ionic profiles when testing β2AR agonists and theophylline in hypoxemic subjects. This drug combination could be efficacious in restoring health and exercise capacity under environmental hypoxia, as well as in individuals suffering from PAH and lung fibrosis.
The long half-life of the components would enable dosing schedules of only once per day.
Conclusions
We demonstrate that sustained-release theophylline and bambuterol can be safely combined in human subjects, evidenced by a lack of any observed additive effects or adverse events, changes in K + stores, and alterations in cardiac function. The drugs appear to influence each other's clearance to a small extent. Yet, we believe this can be resolved after dose optimization studies. Key parameters to monitor when performing testing and dose finding of combined theophylline and β2 adrenoceptor agonists in hypoxic/ hypoxaemic volunteers are heart rates, ECG, and plasma K + concentration. In summary, the combination of bambuterol and theophylline is a promising and potentially feasible treatment of hypoxemia-related complications and hypoxemia-induced fatigue in humans. Results from animal studies: A: High-dose bambuterol (0.05 mg/kg, i.p.) increases the time run to fatigue in female Sprague Dawley rats under simulated high altitude (4267m, log rank test, p<0.05, n=24 per group). The exercise tests were carried out in motorized wheels using pre-habituated rats (Radiloff et al. 2012 Experimental setup. A: Rat in a motorized running wheel in a hypobaric tank. B: Common experimental protocol for run-to-fatigue measurements. C: Common experimental protocol for hemodynamic measurements in awake rats. Animals were injected through an intraperitoneal catheter with the study drug(s) (0.05 mg/kg bambuterol, 15 mg/kg theophylline, or both) or pH-adjusted saline, while breathing normoxic air (21% oxygen). 15 minutes post injection, oxygen was reduced to 10%, and normoxia was reinstated 60 minutes after drug injection. D: Treatment schedule of the human trial.
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Results from animal studies: A: High-dose bambuterol (0.05 mg/kg, i.p.) increases the time run to fatigue in female Sprague Dawley rats under simulated high altitude (4267m, log rank test, p<0.05, n=24 per group). The exercise tests were carried out in motorized wheels using pre-habituated rats (Radiloff et al. 2012) . B: Theophylline alone (15 mg/kg, i.p.) increases the time run to fatigue in female Sprague Dawley rats under simulated 4267m of altitude. C: The combination of theophylline and bambuterol significantly increases exercise capacity under simulated altitude (n=10 per group). All statistics were done with log rank test. D-G: results from hemodynamic studies on awake rats equipped with fluid-filled catheters, in a hypoxic box. 1: baseline, 2: 15 min post i.p. injection, 3: 30 min post onset of hypoxia, 4: 15 min post return to normoxia.
Upper panels: absolute, longitudinal data; lower panels: values at time points, normalized to individual baselines. Significant differences between time points or treatment groups are indicated by asterisks: p<0.05*, p<0.01**, p<0.005***, p<0.001****. Pharmacokinetics of bambuterol (terbutaline) and theophylline, given alone and in combination with each other to human subjects. Error bars represent the standard deviation from the mean.
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